Abstract --A novel TPA derivative (TPA = tris(2-pyridylmethyl)amine) having two 1, 10-phenanthroline (phen) 
Introduction
Transfer hydrogenation of carbonyl compounds has been one of useful strategies to obtain alcohols which are versatile synthetic precursors to give further functionalized compounds [1, 2] . As a hydrogen source in transfer hydrogenation, alcohols such as 2-propanol have been generally utilized [3, 4] , however, formic acid and formate salts have also been used as shown in Scheme 1 [5] . Since formic acid is a natural product which is produced by ants, the usage of formic acid and formate salts can provide a environmentally benign catalytic hydrogenation process [6] , hydrogen production [7] , and four-electron reduction of O 2 [8] . As catalysts for the transfer hydrogenation, Rh(I) [9] , Ru(II) [10] , and Ir(III) complexes [11] have been used and proved to be effective catalysts. As ligands of the catalysts for transfer hydrogenation, arenes such as p-cymene [12] and hexamethylbenzene [13] for ruthenium(II) complexes have been the most popular ligands. In the course of the reaction, a hydride complex has been recognized as a key intermediate generated from the reaction of HCOO -with a metal complex concomitant with CO 2 release [14] .
In catalytic transfer hydrogenation, Noyori and Ikariya and their coworkers have developed mononuclear Ru(II)-arene complexes having N-sulfonylated 1,2-diamines as ancillary ligands [15] . In their systems, the amine N-H acts as an acid to enhance the reactivity of substrates in cooperation with the Ru(II) center. This suggests that convergence of reaction centers and cooperative moieties in vicinity would provide higher reactivity than catalysts without aiding groups. In order to enhance the reactivity of transition metal catalysts, convergence of metal centers in the vicinity can be an important strategy to make them cooperative. This synergy effects have been exemplified in the catalytic activity of transition metal clusters capable of catalyzing sophisticated reactions [16] . Thus far, dinuclear transition metal catalysts for transfer hydrogenation have been investigated [17] , however, no example has been reported on dinuclear catalysts bearing converged reaction centers to gain enhanced reactivity. In addition, no mechanistic insights have been given to transfer hydrogenation by those dinuclear catalysts.
We report herein the synthesis and characterization of novel Ru(II)-TPA complexes (TPA = tris(2-pyridylmethyl)amine) having [Ru(X)(arene)(1,10-phenanthroline)] (X = Cl, H 2 O; arene = p-cymene, C 6 (CH 3 ) 6 ) moieties connected by amide linkages as a converged reaction center. Its application to the catalytic transfer hydrogenation of ketones with use of HCOONa as a hydrogen source was examined in aqueous media.
The kinetic analysis on the transfer hydrogenation provides valuable insight into the catalytic mechanism. In this case, the Ru(II) ion coordinated to the TPA moiety acts as a template to converge the two amide-linked phen pendant arms as metal binding sites [18] . This strategy allows us to put two reaction centers in the close vicinity, enabling them to function in a cooperative manner.
Results and Discussion

Preparation of Ru-trinuclear Complexes
A novel TPA derivative having two 1,10-phenanthroline (phen) pendants via amide linkage was synthesized by coupling reaction between bis(6-amino-2-pyridylmethyl)-(2-pyridylmethyl)amine (diamino-TPA) [19] and 4-chlorocarbonyl-phen [20] in tetrahydrofurane (THF) in the presence of triethylamine as a base and 4-(N, N-dimethylamino)pyridine (DMAP) as a catalyst. The ligand (TPA-phen 2 ) was purified by column chromatography on an activated alumina with CHCl 3 as an eluent including 1% of NH 3 aqueous solution and isolated in 67% yield. 
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Scheme 2. Synthetic routes of (phen) 2 -TPA, 1-Cl, and 2-Cl. 
Transfer Hydrogenation Reactions
We examined transfer hydrogenation of cyclohexanone (100 mM) to produce cyclohexanol using 1-Cl and 2-Cl (0.5 mM) as catalysts with HCOONa (500 mM) as a hydrogen source at 50 °C in aqueous media, D 2 O/CD 3 OD (1:1 v/v for 1-Cl and 7:3 v/v for 2-Cl). By means of 1 H NMR measurements on the reaction mixtures, catalytic turnover numbers (TON) were obtained to be 46 for 1-Cl (44 h) and 21 for 2-Cl (43 h), respectively. A blank experiment was performed to demonstrate that the transfer hydrogenations do not occur in the absence of catalyst. The turnover numbers were determined on the basis of the ratio of peak integration values of a multiplet signal due to cyclohexanone at 2.38 ppm between that at the beginning and that at an appropriate reaction time, since cyclohexanol giving a multiplet at 1.24 ppm was the sole product.
Mononuclear complexes, [RuCl(phen)(hmb)]PF 6 (3-Cl) [23, 24] and [23.24] , exhibited TONs of 13 and 4, respectively, under the conditions mentioned above. Thus, we concluded that the hmb derivative should be more reactive than the cym counterpart. We will discuss on the hmb complexes including 1-Cl hereafter.
Time-course of turnover numbers are shown in Fig show only a low reactivity using [RuCl(1-naphthoylamide) 2 -TPA]PF 6 under the same conditions, it is concluded that the catalytic reaction proceeds by the two pendant Ru(hmb)(phen) moieties. As can be seen in the figure, the turnover numbers of 1-Cl is nearly 3-fold larger than those of the mononuclear complex 3-Cl. Thus, a cooperative effect is operating between the two Ru(hmb)(phen) moieties in 1-Cl for the catalytic hydrogenation of cyclohexanone. among ketones examined as substrates. In order to obtain 100 turnovers by using 1-Cl, it took 20 h for benzaldehyde, 80 h for cyclohexanone, 148 h for acetophenone, and 256 h for benzophenone. In the same period of time, 3-Cl gave 42, 39, 34, and 36 as turnover numbers for corresponding substrates. The ratios of turnover numbers between that of 1-Cl and that of 3-Cl were in the range of 2.4 -3.0, indicating all the substrates were hydrogenated at significantly higher rates by 1-Cl with converged reaction centers.
Thus, it is concluded that all the examined substrates undergo transfer hydrogenation efficiently by a cooperative effect of the two reaction centers.
Mechanistic Insights into Transfer Hydrogenation
The ESI-MS measurements were performed to detect the reaction intermediates for 703.0) were observed at 30 min after mixing 1-H 2 O and HCOONa (Fig. 3) . It should be noted that no peaks assignable to a diformato complex were observed.
The kinetics for the formation of the hydrido complexes derived from 1-H 2 O and 3-H 2 O was examined by following absorption spectral change in the course of the reactions of 1-H 2 O and 3-H 2 O with HCOO -. The hydrido complex derived from 1-H 2 O exhibited the absorption maximum at 500 nm (Fig. 4a ) and the time profile of an increase in absorbance at 500 nm obeyed the pseudo-first-order kinetics (Fig. 4b) . The observed pseudo-first-order rate constant (k obs ) exhibits a saturation behavior with increasing concentration of HCOO - (Fig. 5) . The formation of the hydrido complex from 3-H 2 O exhibits similar kinetic behavior (Fig. S1 ). The saturation behavior of k obs relative to the concentration of HCOO -suggests that the formation of the hydrido complexes proceeds via the formato complexes as shown in Scheme 3. 
the hydrido complexes of 1-H 2 O and 3-H 2 O (k 1 and k 2 , respectively) were determined to be K 1 = 167 M -1 , K 2 = 87 M -1 , k 1 = 1.3 x 10 -3 s -1 , k 2 = 2.5 x 10 -3 s -1 .
Next, the rates of reactions of the hydride complexes of 1-H 2 O and 3-H 2 O with cyclohexanone were determined by monitoring the decay of absorbance at 500 and 450 nm due to the hydrido complexes derived from 1-H 2 O and 3-H 2 O, respectively. The absorption spectral change in the course of reaction of the hydrido complex derived from 1-H 2 O with cyclohexanone is shown in Fig. 6a . The decay of absorbance at 500 nm due to the hydrido complex derived from 1-H 2 O obeys pseudo-first-order kinetics (Fig. 6b) and the pseudo-first-order rate constant (k obs ) exhibits a saturation behavior 
Scheme 5
Summary and Conclusion
We have synthesized a novel TPA derivative having two phen moieties via amide 
Experimental Section
Materials and Methods
CH 2 Cl 2 and triethylamine (Et 3 N) were distilled on CaH 2 under N 2 prior to use.
Purification of water was performed with distilled water system. Phenanthroline-COOH (Phen-COOH) [20] and N,N-bis(6-amino-2-pyridylmethyl)-N-(2-pyridylmethyl)amine [19] were prepared according to literature methods. [Ru II Cl(phen)(hmb)]PF 6 and [Ru II (H 2 O)(phen)(hmb)]SO 4 were prepared according to literature methods [23.24] and their purity was checked by elemental analysis [26] . Other chemicals were purchased from appropriate commercial sources and as received without further purification unless mentioned. All NMR measurements were performed on a JEOL AL-300 spectrometer, and the chemical shifts were determined by using the residual solvent peak as reference.
ESI-MS Spectra were recorded on API-300 triple-quadrupole mass spectrometer (PE-Sciex). UV-vis absorption spectra were recorded on Hewlett-Packard HP8453
photodiode array spectrophotometer at room temperature and at 50 °C for the kinetics measurements.
Synthesis of N,N-Bis(6-phenanthrolineamide-2-pyridylmethyl)-N-(2-pyridylmethyl)-amine((phen) 2 -TPA)
In a three-necked flask, phenanthroline-COOH (319 mg, 1.42 mmol) was added, dried under vacuum, and then the flask was filled with Ar. Thionylchloride (20 ml) was added as a reactant and the solvent, and the mixture was allowed to reflux for 4.5 h. The color of the solution was changed from colorless to orange, and then the solution was cooled to room temperature. The solvent was removed under vacuum, and the resulting bright orange residue was dissolved in CH 2 Cl 2 (10 ml). To the solution was added dropwise the solution of N, N-bis(6-amino-2-pyridylmethyl)-N-(2-pyridylmethyl) amine (227 mg, 0.71 mmol) and Et 3 N (1 ml) in CH 2 Cl 2 (15 ml). After completion of the addition, the reaction mixture was stirred at room temperature for overnight. The white precipitate of triethylammonium chloride was filtered off and the filtrate was washed with saturated aqueous NaHCO 3 , followed by water, and then dried over MgSO 4 .
Column chromatography on aluminum oxide eluted with chloroform/1% NH 3 (aq) (Fig. S8 ).
Transfer Hydrogenation Reactions
Substrates (0.06 mmol) and HCOONa (20.4 mg, 0.3 mmol) were dissolved in D 2 O/CD 3 OD (1:1) (0.6 ml) under N 2 atmosphere. The mixture was heated and kept at 50 during reaction time and then cooled to room temperature and the resulting mixture was analyzed by 1 H NMR measurements. Since each reaction for a carbonyl compound gave only one alcoholic product, we determined conversion of reaction as the ratio of peak integration value at the beginning and that at an appropriate reaction time. To determine the amount of the product, we used the amount of consumed substrate and calculated the turnover number by dividing that by the amount of catalyst used. We used the peaks at 2.34 ppm for cyclohexanone, 9.94 ppm for benzaldehyde (-CHO), 2.79 ppm for acetophenone (-CH 3 ), and 7.57 ppm (o-H) for benzophenone for determination of the amount of substrates in the course of the reactions.
